Abstract The objective of this work was to study the correlation between the variation of phenolic compounds and sensory characteristics in white wine during bottle storage and to explore the compounds that affected sensory evolution. Chardonnay (Vitis vinifera L. cv.) dry white wines were bottled under six types of stoppers and stored for 18 months. The composition of phenolic compounds was analyzed, and the sensory attributes of these wines were evaluated by professional panel. Multivariate statistical analysis demonstrated that bottle aging period exhibited a more important effect on phenolic compound evolution than stopper type. Most of the phenolic compounds disappeared after 18 months of bottle storage, whereas the wine sensory attributes were significantly improved after 15-month of bottle aging. No strong correlation existed between the phenolic variation and the dissolved oxygen content. Wine color characteristics developed towards better quality accompanying with the reduction of detectable hydroxycinnamic acid derivatives and flavan-3-ols, while the wine mouth-feel was related mainly to gallic acid and ferulic acid ester. This work provided some references for wine producers to select appropriate storage duration for bottled white wine.
Introduction
Wines are a type of alcoholic beverages that have been confirmed to possess multiple nutritional and antioxidant features since they contain a number of functional components (Waterhouse 2002) . Among these components, phenolic compounds have been considered one of the most important quality parameters of wines. They have been demonstrated to play important roles in wine sensory properties, such as color, astringency, and bitterness (Lee and Jaworski 1987) , and also show multiple bioactive properties (Xanthopoulou et al. 2010) .
Phenolic compounds patterns in wine are primarily determined by grape variety and maturity level (Paixão et al. 2007 ). Besides, terroir feature and cultivation management also significantly affect the pattern and distribution of phenolic compounds in wine (Li et al. 2011; Avizcuri-Inac et al. 2013 ). More importantly, wine fermentation, aging, and storage processes cause the evolution of phenolic compounds in wine (Zafrilla et al. 2003) , and these alterations eventually determine the final sensory attributes and quality of wines (Sun et al. 2011) . Therefore, phenolic compounds patterns have been considered an important marker for wine quality (Pozo-Bayón et al. 2003) .
In white wines, the amounts of phenolic compounds are typically lower than red wines. Phenolic compounds in Electronic supplementary material The online version of this article (doi:10.1007/s13197-016-2411-9) contains supplementary material, which is available to authorized users. white wines are mainly hydroxycinnamic acids, hydroxybenzoic acids, flavonols and flavan-3-ols. Oxidation of these phenolic compounds is a major reaction that happens during both fermentation and storage processes (Waterhouse and Laurie 2006) . Phenolic compounds are easily oxidized with the presence of oxygen due to their multiple hydroxyl groups in structure (Waterhouse and Laurie 2006) . As a result, the evolution of phenolic compounds causes the changes of color and mouth-feel of wine. It has been widely accepted that bottle storage improved the quality of red wine, including color enhancement, astringency reduction and aroma improvement, since more phenolic compounds present in red wine are able to tolerate large amounts of oxygen and experience more complicated evolutions (Cartagena et al. 1994) . However, bottle aging in white wine can induce non-enzymatic browning and over-maturation, which led to a quality defect of wines (Ribéreau-Gayon et al. 2000b) . In white wines, hydroxycinnamic acids and flavonols were the main compounds involved in the reactions that cause oxidative browning (Simpson 1982; Cheynier et al. 1988) . Since the wine'-s shelf life is a primary concern and directly related to its resistance against oxidation (Fernandez-Zurbano et al. 1995) , it is important to understand the phenolic compounds, the aging time, and the sensory changes during bottle aging. Much work has been made in evolution of phenolic compounds or sensory changes in red wine during bottle aging (Hopfer et al. 2013; Marquez et al. 2014; Saenz-Navajas et al. 2014) . However, these studies have not been well investigated in white wine, especially for white wine in China. More importantly, correlation between evolution of phenolic compounds and sensory attribute alteration in white wine during bottle aging has not been established.
In this context, the aims of this work are (1) to investigate the evolution of phenolic compounds and the development of wine sensory properties in bottled white wines and (2) to assess which phenolic compounds played critical roles in the evolvement of sensory in Chardonnay wine during bottle-aging. Thus, Chardonnay wines after fermentation were bottled using six types of stoppers that provided different conditions for post-bottling maturation. The wines were stored in bottle for 18 months, and at each sampling point the wines were analyzed in terms of phenolic compounds patterns. In the meantime, the sensory characteristics of these wines were evaluated under a professional panel session. Furthermore, Hierarchical cluster analysis (HCA), principal component analysis (PCA), and correlation analysis were carried out to investigate the quality changes of wines with phenolic compound evolutions and correlation between the changes of phenolic compounds and sensory characteristics in these wines.
Materials and methods

Chemicals and standards
Gallic acid, (?)-catechin, caffeic acid, quercetin, and trans-resveratrol were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol, formic acid, acetic acid, and acetonitrile (HPLC grade) were obtained from Fisher Co. (Fairlawn, NJ, USA). Deionized water (\18 MX resistivity) was obtained from a Milli-Q Elementwater purification system (Millipore, Bedford, MA, USA). Ethyl acetate (analytical grade) was purchased from Beijing Chemical Reagent Company (Beijing, China). All the other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless specifically noted.
Wine samples
White wine samples were produced in Beijing Dragon Seal Winery Company using the 2009 vintage of Chardonnay (Vitis vinifera L. cv.) grapes grown in Huailai County, Hebei Province, China. All wines were made following the traditional method of white winemaking. After destemming, juice was separated from the grapes by an atmosphere presser and pumped into the fermentation tank of 10 kilo-liter. Sulfur dioxide of about 100 mg/L was immediately added. Fermentation was started by commercial yeast application and carried out under at 16-18°C. After alcohol fermentation, the wines were aged in a stainless steel tank and bottled into glass bottles with a capacity of 750 mL on January 21st, 2011 at the packaging line of this winery. The base parameters of the wines at the start of the experiment were as follows: alcohol content (12.0%, v/v), residual sugar (0.3%, w/v), pH 3.26, and free SO 2 (30 mg/ L). Six types of stoppers were used. A total of 100 bottles for each type of stopper were required. The bottles were held upright for at least 24 h before bottling. The bottled wines were delivered to the underground cellar in the Center for Viticulture and Enology for a period of 18 months bottle aging. During the aging, the wines were kept at a constant temperature of 16-18°C with a 60-70% relative humidity. The pH values of the examined Chardonnay white wines varied from 3.17 to 3.29, independently of the stopper type. Ten bottles of the wines for each stopper type were sampled every 3 months. At each sampling point, 3 bottles were used for chemical analysis, whereas 7 bottles were used for sensory analysis.
Stoppers
Six types of stoppers were used in this study, including three types of polymer synthetic plugs (named as synthetic plug-1, synthetic plug-2, and synthetic plug-3, respectively), one agglomerated cork, one '1 ? 1 technical' cork, and one natural cork. They were represented by A, B, C, D, E, and F, respectively. All the stoppers were purchased from Yantai Yubao Cork Stopper Company (Yantai, Shandong, China). The physical characteristics of these stoppers were shown in Appendix Table 1 (Gao et al. 2015) .
Determination of dissolved oxygen in wine
After opening of bottles which were sealed with the different stoppers, the dissolved oxygen was immediately measured under a nitrogen pressure of 1 bar. An inoLab Oxi730 dissolved oxygen analyzer equipped with an automatic mixing electrode (WTW Company, Germany) was used (Semerci and Ç eçen 2007) . The scale of sensor measurement ranges from 0 to 50 mg/L. Before each measurement, the electro-chemical equipment was calibrated. The dissolved oxygen concentration was obtained from the mean value of three readings after it was stabilized on a certain value.
Phenolic compound analysis
The wine sample (100 mL) was diluted with the same volume of distilled water, and then extracted three times with ethyl acetate (80 ml), followed by separating an organic layer through a separating funnel (Li et al. 2009 ). The combined ethyl acetate phase was evaporated on a rotary evaporation (SY-2000, Shanghai Yarong Biochemistry Factory, Shanghai, China) at 28°C and then the resultant dryness was re-dissolved in 5 mL of methanol. Before HPLC-MS analysis, the resultant methanol solution was filtered by 0.22 lm organic membranes.
An Agilent 1200 series high-performance liquid chromatograph (HPLC) equipped with a G1322A degasser, a G1312B bin pump, a G1367C HiP-ALS, a G1316B TCC, and a G1314C VWD was used to analyze the phenolic compounds (Li et al. 2009 ). The mobile phase consisted of solvent A (1% acetic acid in water) and solvent B (acetonitrile). The gradient program was as follows: 5 min (0-5% B), 5 min (5-8% B), 5 min (8-12% B), 5 min (12-18% B), 2 min (18-22% B), 2 min (22-35% B), and 4 min (35-100% B). The flow rate was set at 1.0 mL/min and temperature on column was 25°C. The injected volume was 2 lL and the detection wavelength on variable wavelength detector was 280 nm. Mass spectrometry conditions were as follows: electrospray ionisation (ESI), negative ion model; nebulizer pressure, 30 psi; dry gas flow, 10 mL/min; dry gas temperature, 325°C; and scan range, m/z 100-1500. All the experiments were carried out in triplicate.
Some compounds were identified after comparison of MS information, elution order, and retention times to those of the commercially available standards, including quercetin, quercetin-3-O-glucoside, quercetin-3-O-galactoside, kaempferol-3-O-glucoside, gallic acid, caffeic acid, transresveratrol, (?)-catechin, (-)-epicatechin, (-)-epigallo, (-)-epicatechin and (-)-epicatechin-3-O-gallate. The remaining phenolic compounds were identified mainly by comparing molecular ions, product ions, and the elution orders of these compounds with those available in our peivious published literatures (Li et al. 2009; Zhao et al. 2013) . The quantification of phenolic compounds was made using external standard calibration curves of area versus concentration. The relative content of flavan-3-ol, flavonol, hydroxybenzoic acid, and hydroxycinnamic acid was obtained as the equivalent of (?)-catechin, quercetin, gallic acid, and caffeic acid, respectively. The linear formulas, linear ranges and relative coefficients of the phenolic standards were listed in Appendix Table 2 .
Sensory evaluation
A total of 20 students (ten males and ten females, 21-24 years old) majoring in Viticulture and Enology of our college were selected because of interest and their performance in the previous studies of our laboratory. They all had the knowledge of wine tasting and regular Chardonnay wine tasting experiences. A total of 40-h training was performed over four months in a session per week. The 100 positive points (OIV) (NN106/04 2004) was used for the evaluation of the sensory characteristics. During training, the judges discussed about the descriptive terms of Chardonnay wines. Finally, 15 sensory attributes were considered as best described the sensory characteristics of Chardonnay wines (Appendix Table 3 ). These attributes were composed of appearance (20 score points), mouth-feel (40 points), fragrance (30 points), and overall impressions (10 points) of wines. To explore correlation between these attributes and phenolic compounds, the appearance and mouth-feel values were taken into account in this study. Each panelist conducted the tasting test in each booth with a uniform source of lighting and noise-free environment. The wines sealed under six different types of stoppers were sensorially evaluated in triplicate in six sessions. Each participant was involved in the within-subject design evaluating all the wines in every task in both sessions. In each session the wines of the sample were presented in a completely randomized order. Before each session, concepts were harmonized for homogenizing the wine-tasting criteria. For further recovery, a 10-min break was taken between samples, during which still water and unsalted crackers were available for gustatory neutralization. To more objectively reflect the differences amongst the wine samples, the data were standardized as we previously reported (Gao et al. 2015) . Wine sample, the average of the sensory evaluation scores, and standard derivation were named as wine-j, Mj, and rj, respectively. The raw sensory evaluation score of the wine-j sample was obtained and the confidence interval was in the range of Mj ± rj. The new set of data was generated as follows:
(1) when the score that an individual taster gave was within this range, the raw score was applied; (2) when the score was outside this range, the standardization conversion was applied via the raw score plus or minus the rj value. These data were used for subsequent statistical analysis.
Statistical analysis
Unsupervised heat map and hierarchical clustering dendrogram generation were applied using the online software MetaboAnalyst (version 3.0) (http://www.metaboanalyst. ca). The ward's method as the clustering method and the Euclidean distance as the distance measure were used to establish clusters. Two-way analysis of variance (ANOVA) with the storage time, stopper type, and their interaction as factors was performed for individual phenolic compound concentration, using SPSS version 14.0 (Chicago, IL, USA). PCA was carried out using MetaboAnalys (Xia et al. 2015) to evaluate the similarities and differences among the tested wine samples. Correlation analysis was performed to correlate phenolic components to the sensory attributes.
Results and discussion
Evolutions of dissolved oxygen during bottle aging Figure 1 shows the changes of dissolved oxygen content in the Chardonnay dry white wines bottled with the six types of stoppers during aging. After bottled and held upright for 24 h, the initial dissolved oxygen amount was measured from the wines. The initial dissolved oxygen content in the wines in bottles with the synthetic plugs (synthetic plug-1, synthetic plug-2, and synthetic plug-3) exhibited significantly higher levels than those sealed with the other three types of stoppers. This might be due to the poor elasticity of polymer synthetic plugs, which allowed more oxygen to ingress into the bottle through the stopper body and the interface between the stopper and the bottle (Bhat 2002) . Changes in dissolved oxygen reflected the net balance between the oxygen intake and consumption by wine (Guaita et al. 2013 ). In the first nine months of bottle storage, the concentration of dissolved oxygen in the wines dropped rapidly, indicating that the wines consumed oxygen very quickly during this aging period. After this, the dissolved oxygen concentration remained at a low level during 9 to 15 months of post-bottling period. This suggested that an equilibrium between oxygen intake through stopper and oxygen consumption by wine was achieved (Robertson 2009). However, wine in bottle becomes less at the later bottle-aging period, which increases the head space of bottle for oxygen ingress. As a result, the equilibrium between oxygen intake and consumption was broken, and oxygen amount in wine was expected to be increased. Indeed, a slight increase of dissolved oxygen was observed in the 18th month bottle-aged wines. During the whole period of aging, the dissolved oxygen content in the wines sealed with the synthetic plug-2 stoppers, the shortest stopper in length, showed relatively high levels. This further confirmed the important effect of stopper impermeability on the dissolved oxygen content. After 18 months of the post-bottling, wines sealed with the synthetic plug-1, synthetic plug-2, and natural cork contained significantly higher levels of dissolved oxygen compared with the other wines. These results further demonstrated that both synthetic and natural cork stoppers, possessed higher oxygen permeation capacity compared to screw-up and technical stoppers (Lopes et al. 2006) . Since phenolic compounds are sensitive to oxygen and easily oxidized, different dissolved oxygen amount caused by different types of stoppers might alter the evolution pattern of phenolic compounds in white wine during bottle-aging. 
Evolution of phenolic compounds during bottle aging
In the analysis of individual phenolic contents, 15 phenolic compounds were identified and quantified (Table 1) . The evolution of phenolic compounds during the wine bottle aging were assessed. Agglomerative hierarchical clustering algorithm (HCA) was applied to the sample set based on the detected phenolic compounds (Appendix Figure 1) . A heat map (Appendix Figure 1a) was constructed to visualize the evolution of phenolic compounds during the wine bottle aging, whereas a dendrogram (Appendix Figure 1b) was generated to indicate the hierarchical structure of all the samples.
Although slight differences in phenolic compound concentration were observed among these wines using different types of stoppers, these wines showed the similar evolution patterns during the bottle aging period. The mean phenolic concentrations and standard deviations are included in Table 1 , which shows that the phenolic profiles significantly changed in all the types of stoppers during aging. Two general evolution trends were observed: (1) phenolic compounds only showed a very high level in the wines that were bottle-aged for 9 and 12 months, and then turned to the similar or low levels in the other storage periods; (2) phenolic compounds in the wines appeared to be high at the early stage of bottle aging and then lowered at the later periods of aging, especially the 15-18th month bottle aging, although some fluctuation on phenolic compound level was observed. Phenolic compounds that followed the first evolution trend mainly included ferulic acid ester, dihydroquercetin, gallic acid, and p-coumaric acid. The other 11 phenolic compounds showed the second evolution pattern. Among these, ethyl caffeate, catechin, cinnamic acid, ethyl p-coumarate, and procyanidin B2 (P2) remained relatively high in the 0-12 months bottle-aged wines. However, (-)-epicatechin, dihydroquercetin-3-Orhamnoside, caftaric acid ester, and ethyl gallate concentrations decreased significantly in the wines bottle-aged for 3 months. Glucose ester of trans-p-coumaric acid showed a significant increase in the concentration after 3 months of the storage. It should be noted that the wines showed a significant decrease in most of phenolic compounds after 18 months of bottle storage compared to their initial concentration and this significant decrease mainly occurred in the last 6 months of storage. The concentration of ferulic acid ester, procyanidin B2 (P2), p-coumaric acid, dihydroquercetin, dihydroquercetin-3-O-rhamnoside, caftaric acid ester and glucose ester of trans-p-coumaric acid even could not be detected after 18-month storage.
Phenolic compounds reduction in aging wines has been reported in previous literatures. Most of phenolic compounds showed a downward trend in the white wine during the later storage period (Recamales et al. 2006; Kallithraka et al. 2009 ), which was consistent with our investigation. Our previous study also reported that the low levels of phenolic compounds were observed in the red wines after 15-18 months bottle aging, except for some polymeric pigments (Gao et al. 2015) . Particularly, phenolic compounds with low molecular weight, such as gallic, caffeic and ferulic acid, (?)-catechin and (-)-epicatechin generally exhibited a significant concentration reduction (Castellari et al. 2000) . It was considered that during wine bottle storage phenolic compounds can undergo various chemical reactions, mainly including hydrolysis, oxidation and complexation reactions (Zafrilla et al. 2003) . Some of the chemical reactions were oxygenmediated reactions and others involving phenolic but not oxygen (Waterhouse and Laurie 2006) . From our present data, it is inferred that the reduction of these substances during aging stage may have resulted from both phenolic oxidation and polymerization reactions. It was observed that dissolved oxygen contents rapidly dropped during first 9 months of bottle storage in all wines with different stopper types (Fig. 1) , which may be directly related to a large variation of phenolic compounds from 9 to 12th month.
Effects of storage time and stopper types on phenolic compounds
Two-way ANOVA was carried out to investigate the effect of storage period and stopper type on the evolution of phenolic compounds during bottle aging. The results showed that both storage period (F1) and stopper type (F2) had significant effects on the concentration alteration of phenolic compounds (Table 2) . For example, all the phenolic compounds in white wines showed significant differences in the concentration along with bottle storages, especially p-coumaric acid (F 1 = 19779.30), caffeic acid (F 1 = 13737.33), dihydroquercetin (F1 = 10896.73), and cinnamic acid (F 1 = 9497.45). However, only 60% of these phenolic compound evolutions relied on the stopper types and F2 values were much lower than F1 values. During the bottle storage, both oxygen content and storage time played important roles in triggering the hydrolysis, oxidation, and/or polymerization of phenolic compounds (Kallithraka et al. 2009; Wirth et al. 2010) . Previous studies have demonstrated that stoppers possessed different air permeability capacity (Lopes et al. 2007; Poças et al. 2010) , which influenced the content of oxygen dissolved in bottled wines. In the present study, although the stopper type significantly affected the phenolic compound evolutions, the storage time turned out to be a dominant factor for the evolution of phenolic compounds in these white wines. 
Differentiation of wines regarding phenolic compounds
Dendrogram was drawn to analyze the differences in wine characteristics with the storage periods using all the identified phenolic compounds as variables (Fig. 2a) . The wines bottle-aged for 0-12 months (Cluster I) were primarily segregated from those stored for 15 and 18 months (Cluster II). The characteristics of the wine after 9 months of storage (Sub-cluster Ib) were significantly different from the rest of bottle-stored wines (Sub-cluster Ia). The wines stored in the bottle for 0, 3, and 6 months, compared to the 12-month bottle aged wine, showed a short distance on dendrogram, indicating that these wines possessed the similar characteristics. These results suggested that bottle storage time significantly affected the evolution of phenolic compounds in white wines, which significantly resulted in the characteristic alterations of these wines. In order to confirm the cluster analysis results, principal component analysis was also carried out using the identified phenolic compounds as variables (Fig. 2b, c) . The first two components accounted for 50.2 and 24% of the variation, respectively. The white wines with different storage periods were segregated and five distinct groups were assembled in terms of bottle aging periods, except for the 15-and 18-month stored wines, and 0-and 6-month bottle-aged wines. These results suggested that storage periods significantly exerted the impact on evolution of phenolic compounds, and thus led to the differences of these stored wines.
The first component (PC1) resulted in the segregation of the 15-and 18-month bottle-aged wines from the other wines (Fig. 2b) , which was as similar as that in the hierarchical cluster analysis. Regarding the individual phenolic compounds, they were all located on the left of the vertical axis with negative loading values on PC1. Since both the 15-and 18-month stored wines had high positive values along PC1, these results indicated that the wines had low phenolic compound levels at the end of the bottle aging period, especially cinnamic acid (No. 1), (?)-catechin (No. 3), procyanidin B2 (P2) (No. 6), dihydroquercetin-3-O-rhamnoside (No. 11), ethyl caffeate (No. 12), and ethyl p-coumarate (No. 13).
The second component (PC2) differentiated the wines stored for 0, 3, and 6 months from those bottle-aged for 9, 12, 15 and 18 months. In the meantime, the 9th month bottle-aged wines showed the highest negative PC2 values, and were located at the bottom of the plot. This resulted in an obvious segregation from the other wine samples. This suggested that the 9th month bottle aging might be a significant turning point for the evolution of phenolic compounds, which was also observed in bottle-aged red wine in our previous study (Gao et al. 2015) . The loading plot (Fig. 2c) revealed that the most important phenolic compound variables included ferulic acid ester (No. 4), dihydroquercetin (No. 10), and gallic acid (No. 2). For instance, as shown in Table 1 , the concentration of ferulic acid ester Data in bold are highlighted due to very high F value; ** represents significant level of p \ 0.01; * represents significant level of p \ 0.05 c Fig. 2 The dendrogram of hierarchical clustering for the white wine samples (a) and PCA of the phenolic contents differentiating the white wines at six different storage times (b, c). a, b Letters represent six bottle stoppers: synthetic plug-1 (A), synthetic plug-2 (B), synthetic plug-3 (C), agglomerated cork (D), '1 ? 1 technical' cork (E) and natural cork (F), respectively; Numbers after the letter represent aging time (months); The letter M represents month, and the number means the bottle storage time. c Numbers represent the phenolic compounds listed in Table 1 (No. 4) was within 0 to 0.64 mg/L in the wine of first 6 months storage, and then increased up to 4.07-4.40 mg/L in the 9th month bottle-aged wines. However, its concentration finally decreased to 0-0.57 mg/L during the following period. It was considered that the esterification reaction could account for a certain proportion at the early bottle-aging storage period, and both hydrolytion should be main chemical reaction in the late stage of bottle aging.
Differentiation of wines regarding sensory characteristics
PCA was also carried out using sensory attributes of these stored wines as variables, and the biplots represented the positioning relationship between wines and sensory properties (Fig. 3) . Figure 3a shows the PCA biplot of three appearance attributes, including clarity, color depth (saturation), and color hue (shade or tint). The x-axis and the y-axis represents the values for the first and the second principal component, respectively. The arrows indicate the proportion of the original variance explained by the first two principal components. The direction of the arrows indicates the relative loadings on the first and second principal components. In this figure, the relationships between those variables and the principal components can be viewed graphically. The appearance attributes were all located at the right side of the plot, corresponding to positive PC1 scores. The wines before the bottle storage were located at the left side of the plot, whereas the 3-12 months bottle stored wines were displayed in the middle. However, extending the bottle storage to 15-18 months obviously moved the wines towards the right side of the plot. These results suggested that high appearance scores were observed in the wines at the late periods of bottle aging. In another word, appropriately extending bottle storage period might benefit the appearance of white wines. Combined with the variation of dissolved oxygen during this period (Fig. 1) , the evolution of the wine appearance quality did not seem to be directly related to the dissolved oxygen content. During the bottle storage of wines, access to additional oxygen was practically terminated and the subsequent reactions such as polymerization and condensation occurred under anaerobic conditions (Kallithraka et al. 2009 ). The data published showed that storage conditions might strongly affect the content of wine phenolic compounds and wine appearance quality (Recamales et al. 2006; Rocha-Parra et al. 2016) . Since the present experiment took place at similar storage conditions and only the stoppers were different, the effect observed on the phenolic concentration and visual appearance of white wines could be attributed to storage time and stopper type. It was also noted that during the same bottle aging period, the wines were located close to each other in the biplot, indicating that storage time had more impact on wine appearance attributes compared with stopper type. Figure 3b represents the mouth-feel characteristics of wine, including genuineness, positive intensity, structure, harmony, and aftertaste. These attributes were all located at the far right and correlated with each other. The highest values in this principal component were observed in the 15-month bottle-aged wines, whereas the 9-month stored wines were located at the left side of the plot. This indicated that the 9-month stored wines could be a turning point of development of the wine sensory attributes, which might be explained by the dramatic evolution of phenolic compounds at such a storage period (Marquez et al. 2014) . It was also noted that the 12-month bottle-aged wines with the synthetic plug-3 (B12) and the 3-month stored wines using the agglomerated cork (D3) were located at the leftmost side of the plot, suggesting the poor mouth-feel appearances of these two wines. However, the wines bottleaged for 6 months, especially those using the technical cork (D6) and agglomerated cork (E6) displayed a relatively favorable mouth-feel feature.
Additionally, the 15-month bottle-aged wines showed much higher mouth-feel scores than those stored for 18 months, which indicated that the mouth-feel attributes of white wines significantly weakened at 18 months of bottle storage. Considering the variation of dissolved oxygen during this period (Fig. 1) , we speculated that the oxidation substrates were almost exhausted after 15 months of the post-bottling, at which time the mouthfeel properties of the wines reached the highest values. It has been known that wines basically experience a sensory improvement and then a quality loss during the shelf life (Ugliano 2013) . Normally, wines are not consumed directly after production. Instead, most of high quality red wines normally spend a number of years for the best sensory features. However a short period of bottle storage is recommended for white wine before consumption (Ribéreau-Gayon et al. 2000a ). The vast majority of wines are expected to be made for consumption within 12 months of production (Zraly 2008) . Other research has also suggested that the white wines could be stored in bottles for nine months without any serious color alteration and their antioxidant even increased significantly activity. In this study, the white wines could be stored in bottles for 15 months with a relatively high sensory quality.
Correlation between phenolic compounds and sensory characteristics
The dramatic evolution of the phenolic compounds in these white wines was observed during the bottle aging period. In the meantime, the sensory attributes of these bottle-aged wines also significantly changed. Therefore, we hypothesized that the sensory alterations of white wines might be correlated with the evolution of phenolic compounds present in these wines. In this study, the correlations between 15 phenolic compounds and 9 sensory characteristics were assessed (Fig. 4) 13) . In addition, clarity and color depth exhibited a highly negative correlation with caftaric acid ester (No. 14), whereas color depth and color hue were high negatively correlated with (-)-epicatechin (No. 9). These reflected that wines developed towards a good appearance with the reduction of these compounds in the concentration during bottle storage. These ten phenolic compounds mentioned above all followed the second evolution pattern in the heat map (Appendix Figure 2) , which was higher levels at the early bottle aging period and then lower level at the late storage periods. It has long been known that, during wine aging, not all phenolic compounds are equally oxidisable, nor do their reaction products with the same brownness (Rossi and Singleton 1966) . The former study has indicated that phenolic compounds with low molecular weight, such as (?)-catechin and (-)-epicatechin, caffeic and other hydroxycinnamic acids normally converted into bigger molecules along with wine aging, which leads to the yellow-brown pigments (Guyot et al. 1996) . With particular regard to white wine, the concentrations of (?)-catechin and (-)-epicatechin had a good correlation with the susceptibility to wine browning and oxidation (Waterhouse and Laurie 2006) . Cinnamic acid was also reported to be converted into browning pigments under oxidation (Wirth et al. 2010) , which also enhanced the yellow color. In addition, some phenolic compounds undergo polymerization reactions in which oxygen plays an important role (Du Toit et al. 2006) . These works also explained our present observations that the evolution of appearance attributes is mainly related with these five hydroxycinnamic acid derivatives and flavan-3-ols in the white wines.
Similarly, negative correlation was also found between the sensory scores of mouth-feel and the level of most of phenolic compounds in these bottle-aged wines. The strongly negative correlation was established between the wine genuineness and procyanidin B2 (P2) (No. 6), whereas gallic acid (No. 2) and p-coumaric acid (No. 8) showed the highly negative correlations with the development of wine intensity. The significant negative correlation was launched between the wine structure and gallic acid (No. 2) and ferulic acid ester (No. 4). Meanwhile, gallic acid (No. 2), ferulic acid ester (No. 4) and dihydroquercetin (No. 10) were negatively correlated with the wine harmony. Regarding their evolution patterns (Table 1 and Appendix Figure 2 ), these phenolic compounds except for procyanidin B2 (P2) (No. 6) followed the first evolution trend, a dramatic evolution on phenolic compound content in the wines at the 9th month. This could explain why the 9th month bottle stored wines exhibited the poor mouth-feel quality. It should be noted that only ethyl gallate (No. 7) was positively correlated with the wine intensity, whereas no significant positive correlations were observed between the phenolic compounds and the wine mouth-feel characteristics.
Overall, the phenolic compounds that showed the second evolution pattern were associated not only with the development of wine appearance attributes, but also with the wine mouth-feel features in these white wines. It was also observed that these phenolic compounds had more significantly negative correlation with the wine appearance characteristics rather than the mouth-feel properties. However, not all the sensory attributes were explained by the phenolic compound evolution during bottle aging period. This was because volatile compound evolution, besides phenolic compounds, and interaction between volatile and phenolic compounds also played important roles in determining wine sensory attributes. Therefore, further study should be focused on correlation between wine sensory changes and volatile evolutions, and effect of interaction between volatile and phenolic compounds on wine sensory properties during bottle aging period.
Conclusion
This work provides a better knowledge of the evolution of phenolic compounds in Chardonnay wine during bottle aging period and sensory attribute alteration in these wines. Furthermore, the correlation between phenolic compound evolution and sensory changes was established. Bottle aging storage played a more important role in the development of white wine compared with stopper type. Phenolic compounds in white wines followed two evolution patterns, and most of them showed significant losses after 18 months of storage. The phenolic evolution during bottle aging appeared to have no strong correlation with the variation of wine dissolved oxygen content. The appearance attributes of these white wines moved towards a good quality at the last 6 months of bottle aging, whereas the highest mouth-feel scores were observed in the 15-month bottle stored wines. Negative correlations existed between most of phenolic compounds and sensory descriptors. The evolution of wine color characteristics was associated with most of detectable phenolic compounds, in particular hydroxycinnamic acid derivatives and flavan-3-ols. And the wine mouth-feel evolution during bottle aging was related mainly with the variation of two hydroxybenzonic acid derivatives (gallic acid and ferulic acid ester).
